Research Impact Statement: Results show the average net effect of irrigation in the High Plains 8 Aquifer is a reduction in groundwater level of 0.47 feet per year. Climate change could 9 significantly increase the rate of change. 10 ABSTRACT: The High Plains Aquifer (HPA) underlies parts of eight states and 208 counties in 11
INTRODUCTION 1
The High Plains Aquifer (HPA) underlies parts of eight states and 208 counties in the central wrong sign, equal to 0.21. Given the prevalence of positive estimates of short-run price elasticity, 1 their results for this region are not plausible. Mullen and Hoogenboom (2009) have used this 2 theoretical framework in farms in the southern region of the United States that produce corn, 3 cotton, peanuts and soybeans. They present a negative water demand own-price elasticity for all 4 crops but only for corn is own-price elasticity is statically significant, -0.17. Adusumilli, Rister 5 and Lacewell (2011) found a statistically significant own-price elasticity for water demand only 6 for soybean of -0.106 using the same theoretical framework applied to the Texas High Plains. 7 In western Kansas, Pfeiffer and Lin (2014) estimated an own-price water application elasticity 8 of -0.26. For the same region, Hendricks and Peterson (2012) found an overall own-price water 9 demand elasticity of -0.10, mainly driven by changes at the intensive margin, which has an 10 elasticity of -0.09. However, Mieno and Brozović (2016) argued that measurement error has led 11 to biased estimation of own-price elasticities and marginal effects in much of the previous work 12 on groundwater demand. Schoengold, Sunding and Moreno (2006) found a direct own-price 13 elasticity of -0.41 for surface water in a portion of California.
14 Precipitation affects the HPA directly through aquifer recharge and indirectly through water 15 demand. Hendricks and Peterson (2012) and Pfeiffer and Lin (2012) found that an inch of 16 precipitation decreases applied water by 0.28 acre-inches per acre and 3.7 acre-feet per farm, 17 respectively. Pfeiffer and Lin (2012) also found a decrease in the depth to groundwater of around 18 0.20 feet per inch of precipitation. An adverse climate scenario in which yearly average 19 precipitation decreases and/or average temperatures increase would generate higher demand for 20 water (Hendricks and Peterson, 2012; Pfeiffer and Lin, 2012) and thus increase depth to 21 groundwater (Pfeiffer and Lin, 2012) . Trindade et al. (2011) and García Suárez et al. (2019) found that crop damage from high temperatures is mitigated by irrigation, thus increasing the 1 effect of warming on demand for aquifer water. 2 In this paper we estimate a simple county-level water balance equation for the entire HPA, a 3 short-run water application demand, and a long-run demand for acres under irrigation. We 4 followed the economic literature to estimate the water balance using econometric models 5 incorporating the intensive and extensive margin effects of irrigation, and the effect of 6 precipitation. This framework allows to estimate the effect of irrigation withdrawals on 7 groundwater levels and make inferences about the effects of both climate change and price 8 changes on irrigation withdrawals and groundwater levels in the HPA region. 9 10 THE MODEL 11 The groundwater balance equation is based on simple concepts of recharge and depletion. 12 Precipitation represents groundwater recharge. Depletion is comprised of two components, water 13 applied per acre irrigated (changes in water use at the intensive margin), and the proportion of 14 the county area irrigated (changes in water use at the extensive margin). We represent year-to-
15
year average groundwater level change across a county ( ) as
where 1 is quantity of water applied per acre irrigated in the county, 1 is fraction of the surface 17 irrigated, and 2 is county precipitation.
18
We represent the farm technology and farmer irrigation behavior with a restricted profit 19 function ( , ). This function represents the maximum profit that can be obtained per acre of 20 land given the vector of prices p for outputs y and inputs x, and a vector z of other variables not under the control of individual decision makers (either exogenous such as weather, or quasi-fixed 1 variables that are difficult to change within the crop year, such as the share of the land irrigated).
2
The input demands can be found using Hotelling's lemma
where represents the price of input , indicating that the quantity demanded will depend on 4 exogenous factors such as input and output prices, quasi-fixed factors, and weather. We 5 accommodate the possibility that there may be a contemporaneous effect of price changes on the 6 number of acres irrigated, implying a relaxation of the short-run constraint. Following Hendricks 7 and Peterson (2012), we can express the effect of , or any other element of (p, z), on 8 groundwater in terms of total water response elasticity as
where (3) represents the elasticity that incorporates the quasi-fixed input adjustments given the 10 optimum level of * . The first term within the brackets represents the short-run price effect: the 11 price effect at the intensive margin. The second term within the brackets incorporates the 12 adjustments made in the fraction of land irrigated, a quasi-fixed input.
13
We are also interested in how prices and weather affect the HPA. 
where the first two terms represent the short-run or direct price effect and the second term 1 represents the long-run or indirect effect i.e., changes at the extensive margin on per-acre water 2 demand.
3
Regarding the effect of weather on the HPA, precipitation and other weather variables may 4 affect groundwater level directly through recharge, and indirectly by changing the demand for 5 irrigation. We denote precipitation as 2 and temperature as 3 . Their impacts on aquifer water 6 level can be decomposed as in water levels. We expect that an increase in precipitation will decrease the rate of depletion, 9 while an increase in temperature will have the opposite effect. For the 208 counties that overlay the High Plains Aquifer, we obtained annual data on output and 14 input prices, and acres irrigated for the 1980-2010 period from the National Agricultural Wyoming (4). The average water applied (share of land irrigated) in these counties is about 8% 5 (28%) lower than the average of the counties included in the analysis. that the fuel required to lift one acre-foot of water one foot in height is 1.551 kWh for electricity, 6 0.0223 mmbtu for natural gas, 0.1098 gallons for diesel and 0.1993 cubic feet for propane. We 7 calculate the shares of each fuel, , using FRIS data on the number of acres irrigated from each 8 fuel type. We follow Hendricks and Peterson (2012) and use the fuel prices for the industrial 9 sector from the United States Energy Information Administration (EIA) as the proxy for energy 10 price. Mieno and Brozović (2016) find that error in measurement of this variable leads to bias in 11 the estimate of water price elasticity. We recognize this limitation, but data to correct this only 12 exists for limited areas, and not for the full HPA region, so we make no such correction to this 13 measure of energy price. We recognize that a larger number of wells are more likely to provide a representative 10 measure of the average water level change for the county. Unfortunately, in some counties only a 11 few observations were available. In our dataset (915 observations), in fewer than 50 observations 12 was water level change based on fewer than four wells, and for 18 observations the variable was 13 constructed using only one well. Since our methodology requires a balanced sample, dropping 14 observations constructed with less than four wells would reduce our sample from 183 to 163 15 counties. Thus, we choose to keep all observations. As a robustness check we estimate the full 16 system of equations for the 163 counties with at least four wells in every period. Results were 17 quite similar to the full sample. For example, the own-price elasticity of water demand is almost 18 the same (-0.385 vs -0.379).
19
A negative value of indicates depletion of the aquifer, while a positive value indicates 20 recharge. Figure 1 displays the calculated accumulated groundwater change using this method
, where ′ is the number of years in the period 1981-2010). The average accumulated 22 groundwater change from 1981 to 2010 is -6.74 feet (Figure 1 ). By way of comparison, McGuire 23 days) during the growing season that the crops were exposed to a particular degree interval. In The equation we estimate for groundwater change is:
where subscripts i for counties and t for time are dropped for simplicity. represents 11 groundwater level change, 1 represents water applied per acre, 1 represents fraction of land 12 irrigated and 2 represents precipitation. The parameters, 1, 1 , 1, 1 and 1, 2 are to be 13 estimated and 1 are idiosyncratic errors. The coefficients 1, 1 , 1, 1 and 1, 2 represent the 14 marginal effect of water applied, share of land irrigated, and precipitation on groundwater 15 change. For instance, an increase of one inch of precipitation would increase the groundwater 16 level by 1, 2 . Equation (7) does not have a constant, since including a constant would imply that 17 groundwater level change is non-zero, even in a situation with no precipitation ( 2 = 0), no 18 water applied per acre ( 1 = 0) and no land irrigated ( 1 = 0). The formulation of Eq. (7) 19 defines the groundwater change as a function of these factors and a random error, 1 . Following 20 the literature, we did not consider a direct effect of temperature, 3 , on groundwater change.
However, it affects groundwater change indirectly through the amount of water applied per acre 1 and share of land irrigated (see Eq. (8) and (9)). All variables are defined explicitly in Table 1 .
2 Our estimation of the groundwater change equation uses explanatory variables from the 3 same period as the change in groundwater level. We recognize that the precipitation that falls in 4 a particular year may not be the same physical water as the water that reaches the aquifer.
5
However, for our approach that is not necessary. What is necessary is that there exists a high 6 correlation between precipitation and aquifer recharge, after ignoring the effect on irrigation weather variables. We estimate: 21 1 = 2, + 2, 1 1 + 2, 2 2 + 2, 3 3 + 2, 1 1 + ∑ 2, 2 2 4 =1 + 2, 3 3 + + 2
where 1 , 2 and 3 are normalized water, fertilizer and chemicals prices, 2 represents 1 precipitation in q = 4 quarters (the last quarter of year − 1 and the first three quarters of year ), effects, 2 are idiosyncratic errors, and all other variables are defined previously.
4
For the quasi-fixed factor, we estimate the demand for fraction of surface land under 5 irrigation: 6 1 = 3, + 3, 1 1 + 3, 2 2 + 3, 3 3 + 3, 2 2 + 3, 3 3 + + 3
where is a vector of estimated parameters, including county fixed effects, and 3 are 7 idiosyncratic errors. Note that 2 is annual precipitation (the fourth quarter of the year − 1 and 8 the first three quarters of year ). We estimate equations (7), (8) and (9) jointly using Seemingly 9 Unrelated Regression, to take advantage of potential contemporaneous correlation among error 10 terms. The county-level fixed effects that are included in equations (8) and (9) will account for 11 county-level differences that are fixed over time. This will account for some of the differences in 12 governance (e.g., irrigation district, state).
13
Changes in groundwater due to changes in irrigation at the intensive and extensive margins 14 are identified as
where the first and second expressions represent the direct (short-run) effect of the intensive and 16 extensive margins on groundwater level. The last expression represents the total extensive 17 margin effect, which incorporates adjustment effects through the intensive margin (water 18 demand), 1 ( , * ). The total (long-run) effect of irrigation on groundwater level is calculated by 19 adding the first and third expressions evaluated at a specific level of these variables.
The effect of water price on groundwater levels are obtained by evaluating equation (4) using 1 the estimated coefficients and parameter values, as shown in equations (11') and (11''). = { 1, 1 [ 2, 1 + 2, 1 3, 1 ] + 1, 1 2, 1 }.
(11'') Economic theory requires that 2, 1 < 0 (i.e., an increase in the lifting cost will lead to a 3 decrease in water applied per acre). Aquifer characteristics require that 1, 1 < 0 and 1, 1 < 0, 4 which implies that increasing water applied per acre and land irrigated leads to a increase in 5 groundwater depletion. We expect that 3, 1 ≤ 0, or that an increase in contemporaneous cost of which means that an increase on water price would save groundwater, that is, decrease 10 groundwater depletion.
11
Although the most interesting results of this paper relate to the impact of irrigation 12 withdrawals and of prices on groundwater depletion, we illustrate the usefulness of the approach 13 by estimating weather effects. These are evaluated as in equations (5') and (5'') using the 14 parameters estimated by the system of equations (7) to (9) where the first term on the right captures the direct effect of precipitation through groundwater recharge, the second term is an indirect effect through increased irrigation (the intensive margin), and the third term is an additional indirect effect through an increase in area irrigated (the 1 extensive margin). While the estimation allows us to separate these factors, a reduction in 2 precipitation is expected to lead to higher depletion overall, given that it will decrease recharge 3 and increase water demand.
4
The marginal effect of higher temperatures on groundwater level, as captured by a change in 5 degree days, is 
where the first term is the effect of higher temperatures through higher irrigation rates (the 7 intensive margin) and the second is the effect through change in area irrigated (the extensive 8 margin). 9 10 RESULTS AND DISCUSSION 11 We jointly estimate the groundwater balance equation, water demand, and the proportion of area 12 irrigated using Seemingly Unrelated Regression (SUR). We also estimate Equations (7), (8) in Table 2 .
20

[Table 2]
We find a negative own-price response in the water demand estimation. Using Equation (3) 1 and the results in Table 2 , we estimate the own-price elasticity of water demand to be -0.367 at 2 the intensive margin, and -0.378 after incorporating the extensive margin. Both elasticities are 3 statistically significant at the 1% level. These elasticities are larger than estimates reported by 4 Hendricks and Peterson (2012) and Pfeiffer and Lin (2014). However, our study area of 183 5 counties over the entire HPA covers a significantly larger region than previous work, and these 6 studies have not incorporated the dynamic cost of lifting water. irrigation on groundwater at the intensive and extensive margins are in Table 3 . Using the 12 notation from equations (7), (8), and (9), the formulas used to calculate the values in Table 3 precipitation unchanged, is predicted to reduce the rate of groundwater level decline by 1.5 20 inches (0.127 feet) per year. Empirical results predict that a full conversion of cropland in a 1 2041-2070 an average increase of 20 days with a maximum temperature higher than 90 o F, under 2 their high emission scenario. Overall, these studies suggest an increase in hotter days and a 3 decrease in precipitation for this region. The impact of climate change on agricultural production 4 has been analyzed in a range of economic studies as well. However, many of those studies (e.g.,
5
Schlenker , Hanemann, and Fisher, 2006; Schlenker and Roberts, 2009 ) focus on rain-fed 6 agricultural production. In regions that use surface water irrigation, decreased availability of 7 irrigation water under climate change is also expected to reduce agricultural production 8 (Schlenker, Hanemann, and Fisher, 2007) . There is significant evidence (e.g., Trindade, 2015) 9 that when irrigation is available (such as with groundwater), it can mitigate the impact of climate 10 change on agricultural productivity.
11
We model potential impacts of climate change by predicting the effects of a hotter and drier for all counties in the HPA. Table 4 presents the results of this analysis, which we illustrate using 1 the results from Scenario 2, using formulas shown in Appendix Table A2 . To obtain the effect of 2 a 50% increase in the number of degree days above 36 o C, we use equation (13") and increase the 3 observed degree days above 36 o C in all counties and all years by 50%. This induces an increase 4 in water demanded. A similar approach is used for precipitation using equation (12") and a 5 decrease in precipitation of 25%. A decrease in precipitation reduces recharge and increases 6 water demanded. We stress that these results are an upper bound on the impact of climate 7 change, as they assume that there are no new constraints imposed on groundwater extraction.
8
Likely constraints that might be enacted under this scenario include both physical (e.g., well 9 yield) and policy (e.g., allocations) limitations.
10
[ Table 4 ] 11 Our results predict a potentially severe effect of climate change on groundwater levels. We 12 estimate an increase in the annual rate of groundwater depletion of 0.02 feet, 0.22 feet, and 0.24 13 feet under Scenarios 1, 2, and 3, respectively. Scenarios 2 and 3 predict fairly significant impacts 14 when compared to the average groundwater change of 0.48 feet per year for our study period.
15
These estimates incorporate changes at both the extensive and intensive margins. For Scenario 1, 16 an increase of 50% in degree days above 36C, keeping precipitation constant, increases average 17 water applied ( 1 ) by 2.% (= 0.022/1.12) and land irrigated ( 1 ) by less than 1%. This implies an 18 increase in depletion of 0.017 feet per year, which is a 3.5% (= 0.017/0.48) increase in the annual portions of the aquifer that lack the political motivation to implement new groundwater use 17 restrictions.
18
A contribution of our work is that the structural estimation with limited location-specific 19 variables allows a comparison of expected changes in groundwater levels and irrigation behavior 20 across a large area with intensive irrigated agricultural production. However, we recognize that 21 the methodology precludes us from incorporating some of the location-specific variables that are 22 important for understanding irrigation behavior at a highly disaggregated level. For example, our 23 analysis does not incorporate differences across the region in well yield, although there is 1 evidence that managing well yield is an important factor in some areas of the HPA. Our analysis 2 also lacks an analysis of institutional changes that occurred at local level, as our methodology Table 1 . Mean, standard deviation, minimum and maximum of the variables used to estimate the system of equations (6) to (8) for the High Plains aquifer for years 1985, 1990, 1995, 2000, and 2005 . The numbers in parentheses are the number of counties in each category. We note that the data showed a much wider range for the degree days variable in 2000 (0 to 5.74) than shown here for 2005. Table 2 . SUR parameter estimates for the system of equations (6), (7) and (8) -0.075*** 0.027
Variable
County fixed effects yes Note: *** for p-value smaller than 0.01, ** smaller than 0.05, and * smaller than 0.1. Table 3 . Marginal direct and indirect effects of irrigation, precipitation and temperature on the rate of change in groundwater levels (in feet) in the High Plains Aquifer for years 1985, 1990, 1995, 2000, and 2005 . Note: *** for p-value smaller than 0.01, ** smaller than 0.05, and * smaller than 0.1. In (P.2) we consider the average marginal effect of an extra inch of precipitation across the four quarters. Standard Errors were calculated using the delta method. See Appendix table A1 for equivalences between marginal effects and coefficients in equations (6), (7), and (8). 1985, 1990, 1995, 2000, and 2005 (averaged over all observations). Note: *** for p-value smaller than 0.01, ** smaller than 0.05, and * smaller than 0.1. Standard Errors were calculated using the delta method (see footnote 21). Table 5 . Direct and indirect effects of three levels of change in water price on the rate of change in groundwater levels for the High Plains Aquifer, evaluated at the overall mean of the data. 
Effects
